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GENERAL INTRODUCTION 
Dissertation Organization 
This dissertation consists of two papers, one of which has been published, the 
other of which has been submitted for publication, in scholarly journals. A general 
introduction in which the problem is examined precedes the papers and a summary 
which discusses the results of the papers follows. A list of references following the 
summary contains all citations in the general introduction and summary. 
Literature Review 
The field emission conduction process on clean surfaces has led to advances in 
the basic knowledge of the structure of materials, adatom mobility and the type 
of interactions present on three dimensional surfaces. These developments in turn 
formed the foundations upon which devices were engineered which are now finding 
practical applications and improving the technological status of our world. Also, 
however, in other areas, these conduction processes are still not well understood 
on a fundamental level, as how two dimensional electrical transport is initiated in 
ultrathin films. In the two papers included in this dissertation, one can see how both 
fundamental information can be discerned about both two and three dimensional 
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conduction processes and their potential applications. 
The study of the growth of ultrathin films on atomically flat and clean surfaces 
by various means has been of intense interest recently, with large benefits, such as the 
development of the nanoelectronics industry, resulting in electronic devices propelling 
the world into the next century of technology. Fundamental to this study are the 
microscopic processes of adatoms on such a surface as they condense to form an 
ultrathin film. If such interactions can be understood, then methods of controlling 
the growth of films for particular applications can proceed and eventually lead to 
significant contributions in industry. The structure and quality of ultrathin films 
depends heavily upon adatom interactions, and thus the motivation for this work is 
to more fully understand the growth of these films and conduction in 2D submicron 
structures in general. 
One method of probing the structure of ultrathin films is to examine the onset of 
electrical transport through metallic films as they grow. Conduction in thin metallic 
films (more than 10 layers) has been studied extensively in the past. Fuch's theory 
[1,2], the standard theory in thin film conductance for decades, defines a film as a thin 
sheet of nearly homogeneous material bounded by two surfaces, the substrate/film 
interface and the surface of the film. The essential parameters in this theory are the 
reflectivity of the film surfaces and the mean free path of the transport electrons. In 
its limit, this theory has been used extensively in characterizing transport in metallic 
films with success. In ultrathin films (<4 layers), however, this theory breaks down 
as the surfaces of the film are no longer well defined. Ultrathin films are much 
thinner than those defined by Fuchs. For ultrathin films, 0-4 ML, the structure 
of the film is different from bulk structure and is altered strongly by the substrate. 
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Work has been performed in the region of 4-20 ML [3] on Ag/Si(lll) in the transition 
region between ultrathin and thin films, where Fuch's theory is used to gain insight 
into resistivity oscillations in growing films. Periodic roughening of the film surface 
during growth verified by RHEED correlates with conductivity oscillations attributed 
to changes of specular scattering of carriers off this surface [3]. But below 4 ML, any 
analysis based on the assumption that the film has ideal 3D properties is questionable. 
Conduction in ultrathin metallic films has thus been traditionally described in terms 
of a percolating film [4, 5], where a critical number of adatoms is needed (in a random 
deposition process) to form a critical pathway from one end of the sample to the 
other to initiate electron transport in the film. The coverage at which this pathway 
occurs depends upon the lattice used. The unreconstructed Si(lll) surface is a 
triangular lattice. The classical critical coverage for a triangular lattice is 6c = 
0.5 ML. This is an exact solution for a random deposition of adatoms without any 
additional mobility after the atoms have been absorbed on the surface [10]. At the 
critical threshold, 9c = 0.5 ML, a second order phase transition occurs when the 
infinite cluster (pathway across the sample) forms and results in a power law near 
the threshold G{6) oc {0 — where G{9) is the conductance of the system. 
For a random two dimensional system with zero mobility, the expected percolation 
exponent is p = |. Mobility of adatoms on surfaces, however, is rarely zero. This 
is also true for the Ag on Si(lll) system. Recent calculations [8] have attempted 
to show how adatom mobility might affect the results of the percolation parameters. 
The effect of mobility and island formation on a square lattice (and with similar 
expectations for triangular lattices) is to raise the clcissical percolation threshold to 
as much as 9 = 0.8 ML. Critical thresholds in measurements in some systems, such 
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as Pb/Si(lll), where = 0.5 ML [6] and low (50K) temperature measurements of 
Ag/Si(lll), with 6c = 0.9 ML [4], are comparable to this and have been described in 
a percolation regime. With the Ag/Si(lll) study, at 50K little mobility is expected, 
but the high critical coverage is explained by additional Ag needed to complete a 
percolating cluster due to a Volmer-Weber (3D) growth mode when some adatoms 
populate more than one layer at a time. A percolation exponent of p = 1.36 ± 0.25 
additionally supports a percolative description of this system. These measurements 
attribute all conductivity to the film with no direct contribution from the substrate. 
Other work in the Ag/Si(lll) system, however, at room temperature, a much 
different result is seen. In another four probe measurement in Ag/Si(lll) [9, 3] 
and Au/Si(lll) [9], the critical threshold, Oc, is much higher than that expected for 
a percolating film. For Ag/Si(lll), Oc = S ML at room temperature, and in low 
temperature (T=100K), 4 ML is the lowest coverage for which any data was given, 
suggesting below that coverage no significant measurable conduction is initiated [3]. 
Another mechanism has been suggested where surface states on the Si(lll) substrate 
surface interact with transport electrons from the metallic adatoms in the film, result­
ing in Fermi level pinning in the substrate. Therefore, there is a transfer of transport 
electrons to the metallic states, delaying the onset of conductance in the growing 
film. From these recent developments, it is obvious that additional work must be 
performed to clarify the operating mechanism responsible. 
It is the purpose of this study to address this question for two dimensional 
conduction. By varying the morphology of the film, the mechanism of conduction can 
be identified. If conduction is controlled by the film, strong dependence of resistance 
in the film with structure (i.e., defects, grain boundaries, etc.) is expected. In 
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addition to examining the threshold of conduction, the percolation exponent can also 
be tested by measuring {V—Vc) — {0—9c)~'', as V = V{(t), where a is the conductance 
of the film. If, however, the conduction in the film is dominated by the substrate, 
one would expect transport in the system to change little with the morphology of the 
film. Traditionally, the method by which the morphology of the film is changed is 
by varying the temperature, whether by cooling [3, 4] or by heating [9] the substrate 
in order to change the mobility, and thus the island size and smoothness of the 
film. These temperature changes, however, might also affect the substrate through 
roughening or substrate reconstructions. By changing the flux,(i.e., the incident rate 
of arrival of the adatoms) morphological changes in the film can be altered without 
affecting the substrate. It is expected [11] that relatively high deposition rates will 
lower the time between adatom-adatom interactions on the surface, and thus the 
distance adatoms can travel over the surface is shorter, resulting in small aggregate 
clusters of adatoms, with higher defect densities in the structure, while a low flux will 
result in larger clusters as more time is available for the adatoms to move to large 
islands at greater distances. Therefore, a low flux deposition condition is identical to 
a high temperature, high mobility environment and a high flux deposition is identical 
to a low temperature, low mobility environment in terms of the effects in morphology. 
To test this hypothesis, the chosen substrate is ideal since it is known to be 
atomically flat to support the films. The Si(lll)-7x7 surface is such a surface and is 
one of the most extensively studied surfaces. The Ag/Si(lll) system is well known, 
with a detailed phase diagram under which reproducible structures formed are well 
documented. The growth modes of Ag films are well understood, and at room tem­
perature are known [12, 9] to grow in a Stranski-Krastanov mode, with the first layer 
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growing until nearly complete when the second layer begins growing on the first, in 
quasi layer-by-layer fashion. It is expected from this growth mode that the onset of 
conduction would occur in a film of thickness 1.2-1.5 ML. The Si(lll)-7x7 structure, 
although well known, is a very complicated structure. Due to the arrangement of 
atoms on the surface, new states appear in the band structure at the surface around 
the Fermi level in the bandgap. These surface states are only partially filled, as the 
Fermi level lies in this surface band. This results in a metallic surface, which, as men­
tioned before, has been reported to pin the Fermi level to that to that surface band. 
This characteristic of the Si(lll)-7x7 surface complicates the transport in this system 
and is the probable cause of the different mechanisms reported. The measurement 
technique is performed in-situ. 
Measurements such as these produce a continuous curve that can be generated 
without possible effects of contamination or temperature changes, unlike experiments 
performed previously [4, 13]. Those experiments depended upon films grown ex-situ 
with conductance measurements made with a number of samples, each representing 
one data point, possibly altering the environment for each point. 
In addition to the transport study of two dimensional ultrathin films, field emis­
sion in three dimensional microstructures can be used to improve their emission 
characteristics. The technique of field emission can be used to identify structures on 
the submicron level, and this field is well established in the scientific community [15] 
with many benefits. This technique is radically different from the four probe con­
ductance measurements mentioned above. A high voltage is applied to the emitter 
which has a small radius of curvature, producing a high electric field at the tip. Elec­
trons from the bulk tunnel through the vacuum barrier modified by the electric field. 
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The surface structure and work function of the metal at the surface drastically affect 
the emission at microscopic sites, forming a pattern of emission electrons which is 
magnified as they travel to a phosphor screen, where information (in the distribution 
and intensity of the pattern) about the surface through which they were emitted is 
observed. The total current emitted from a tip is related to the applied voltage by 
, -6.7x10''4:^/^ kr / oc V^e V ^ 
where (j) is the work function of the metal, V is the voltage applied to the tip, k is the 
field enhancement factor, a correction to the electric field from a sphere at a potential 
V, and r is the radius of the emitting area. If the plot of In ^ vs. •^, information about 
the emitting radius of the emitter can be found, as the slope is directly proportional 
to that radius. This plot is known as a Fowler-Nordheim plot. Currently, a new 
generation of field emitters and field emitter arrays are being developed to be used in 
the production of flat panel visual displays for computers , televisions, etc., which will 
be much more compact and eflBcient than the traditional cathode ray tube design of 
display now commonly used [16, 17, 20, 18]. The physics of the conduction process in 
these new devices is relatively unknown, as the geometry of such devices has radically 
changed from the first generation field emitters developed thirty years ago. 
One novel design of field emitters now being developed is the Spindt emitter 
[16]. The voltage applied to this field emitter design is much lower than that of a 
standard etched tungsten tip, showing the improvements necessary to incorporate 
these devices into low voltage display applications. Some Spindt type emitter arrays 
have been reported to have voltages as low as 25V[17], well within this range, and 
characterization and determination of the structure of these emitters is needed to 
further their development. Little is known of these new emitters, however. Funda­
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mental aspects of these emitters, such as their I-V characteristics and whether they 
obey the Fowler-Nordheim equation, effects of contaminants, and field enhancement 
factor, k, for the new geometry must be determined if better, more stable emitters 
are to be developed. Other aspects, such as noise considerations and reproducible 
emitter sites for emitters of a particular design must also be addressed. In most of 
the research performed, these tips are treated not as an individual tip, but as an 
array of tips designed to be used as a pixcel in a display [16, 17, 19]. However, once 
individual tip characteristics are known, the arrays may be better understood (i.e., 
number of tips emitting, etc.), and different emitter design may be compared. 
It will be shown in these papers how electrical transport at the submicron level 
is a useful tool in the determination of basic structural information and insight into 
interactions between atoms on a surface will be presented which can possibly result 
in novel technological devices. In ultrathin films, electrical transport measurement 
is another probe to determine fundamental film/substrate interactions, and has pro­
duced an exciting new field of technology in field emission and display devices. 
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CHAPTER 1. 
FLUX DEPENDENCE OF In-situ TRANSPORT ON Ag/Si(lll)-7x7 
Submitted to the Journal of Vacuum Science and Technology. 
K. R. Kimberlin and M. C. Tringides 
Department of Physics, Iowa State University, Ames Laboratory-USDOE, Ames, Iowa 
50011 
Abstract 
Electrical transport measurement in ultrathin films of Ag on the Si(lll)-7x7 
surface heis been studied eis a function of the incident flux in-situ at room temperature 
with a 4-probe technique. The origin of conduction in this system is unclear: two 
dimensional transport after the formation of a percolating cluster and conduction 
through the substrate via electrons transferred from the film to the substrate have 
been suggested as possible mechanisms. The 4-probe voltage vs. deposition time 
traces obtained at different flux rates dollapse into a universal curve which supports 
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conduction through the substrate and not through the film. The film morphology is 
expected to be smoother at lower flux rates, so a steeper drop with time should have 
been observed if conduction was through the film. No significant dependence on the 
initial roughness of the clean surface is observed, which further supports conduction 
controlled by the substrate electronic structure. 
Introduction 
Structural studies in ultrathin films to understand their morphological charac­
teristics have been numerous in recent years because of the technological need to 
fabricate new materials. However, in-situ electrical measurements of electrical trans­
port have been rather limited. Basic questions about the onset of electron transport, 
the relation between morphology and film conductivity and the role of substrate 
roughness are not well understood. Recently in-situ conductance measurements in 
several metal/semiconductor systems [1, 2, 3, 4, 5] have been used to gain an un­
derstanding of the mechanism responsible for the onset of conduction in ultrathin 
films. Measurements with a four probe technique at low temperature (T=50K) were 
explained in terms of conduction through the film after a percolating cluster is formed 
at 9c, initiating transport through the film [1]. The critical coverage, 9c, decreases 
with temperature, presumably because smoother films axe formed at higher diffusion 
rates. At this low temperature (T=50K), conduction for thicker films (9 > 2 ML) in 
Ag/Si(lll) is described as conduction through a metallic film [2]. A report on the 
conductivity of Pb films on Si(lll)-7x7 at room temperature finds a critical coverage 
of 0.4 ML, which is below the critical threshold of the classical percolation model [8], 
a result of possible intermixing between Pb and Si, inducing percolation below the 
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amount required for Pb alone [5]. Other measurements in Au/Si(lll) after several 
monolayers have been grown, observe that resistance oscillations are strongly corre­
lated to RHEED diffracted intensity oscillations [4]. These mecisurements suggest 
conduction through the film without any direct contribution from the substrate elec­
tronic structure. A different mechanism has been suggested [3, 4] for several systems 
(Ag/Si(lll), Au/Si(lll)). A linear four probe technique with mechanical contacts 
Wcis used instead of evaporated metallic pads [1, 2, 5] that result in finite resistance 
contacts with the film. It was suggested that transport is controlled by surface states 
present on the Si(lll)-7x7 surface. The critical coverage beyond which conductiv­
ity increcises is 3 ML, significantly higher than the threshold measured in the low 
temperature measurements described above, a result of Fermi level pinning due to 
the metallic surface states on Si(lll)-7x7. Obviously, it is important to carry out 
additional experiments by varying other control paraineters to clarify further the op­
erating mechanism and to what extent the differences between the two experiments 
(substrate temperature and method of contact) can account for the discrepancy in 
the interpretation. 
We have used the incident flux rate as such a parameter, the structural perfec­
tion of the film is expected to increase with decreasing flux rate. A lower nucleation 
rate is realized at low flux rates since there is more time between adatom adsorp­
tion events to allow the monomers to diffuse and join growing islands, causing the 
islands to be fewer and larger. The island density of the growing film at steady state 
depends on flux according to AT oc where i is the critical size cluster [11] and 
F the flux rate. Therefore, fllms grown at lower flux rates should be smoother for 
the same amount of Ag and have lower resistance. Using the flux dependence to 
12 
change the film morphology is not as common in previous work as using the temper­
ature [1, 2, 3, 4, 5]. However, with temperature changes, one might affect also the 
substrate configuration (i.e. by inducing reconstructions or phase transitions) which 
can interfere with trajisport measurements. By using the flux to change the film 
morphology, no additional complexities due to changes in overlayer symmetry are 
introduced. Additionally, if transport is through the film then a lower conductance 
should be expected when the substrate is roughened. Evidence is presented indicating 
the resistance of ultrathin films remains unchanged as a function of incident adatom 
flux and roughness of substrate, suggesting that the degree of order in the film does 
not affect transport. This is consistent with the electronic structure of the substrate 
as the relevant parameter involved in conduction. 
Experimental 
Electrical resistance measurements of ultrathin films are rather involved because 
electrical contact should be made to the film on an atomically flat substrate, in-situ, 
consistent with cleaning the sample at high temperature (T > 1100°C). The method 
of contact used in this experiment is simple: electrical contact is supplied to the 
substrate by elastically pressing two tungsten wires, resulting in good ohmic contact. 
It has also been used in other studies [3,4]. For in-situ measurements, the probes 
are placed prior to deposition of the film to avoid damaging the film. However, there 
is a possibility of shadowing the points of contact by the probe wires. In addition, 
the point contact involves an unknown resistance, possibly changing, which excludes 
an absolute resistance measurement and might be responsible for the 20 per cent 
variation in the initial voltage between cleanings of the substrate as observed in 
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other measurements [5]. A relative measurement can be reliably obtained, however. 
The contact resistance for a given run is constant throughout the deposition of the 
film, as in similar methods [3,4]. In principle, the absolute resistance of the film and 
substrate can be obtained by circuit analysis if we assume the standard macroscopic 
network laws [1]. 
The experiments were performed in a UHV chamber with a base pressure of 
1.5x10"^° Torr and during deposition of Ag the pressure in the chamber stayed in 
IQ-io 'PQJ.J. range. The substrate consisted of a .3mm x 5mm x 15mm piece of n-doped 
silicon, with 100 fi-cm resistivity, mounted in a specially designed sampleholder on 
two .25" diameter rods, with two tantalum straps over the substrate at the rods to 
secure it in place. Two .010" tungsten probes were pressed to the substrate to form 
the voltage leads in a line^ 4-probe configuration. The voltage drop was monitored 
as a constant current of 30/iA, well within the 0-100 (ik range of Ohmic response 
where heating does not occur. A voltage drop of 50-100mV, depending on mass, the 
substrate geometry and probe placement, was measured across the clean substrate 
before deposition, indicating an initial resistance of 1.7 to 3.3kfi. the substrate was 
resistively heated to 1160°C for two minutes to clean the surface with pressure in the 
chamber never exceeding 1.2x10"® Torr. The heating current was slowly (1 minute) 
reduced such that the temperature of the substrate lowered to 660°C, where it was 
held for 10 minutes, and then turned to zero. This is identical to the process used 
in a different experiment in our laboratory where RHEED was carried out [7] and is 
similar to a well documented method of preparing clean Si substrates [6]. The two 
experiments were carried out in parallel so the surfaces were prepared under similar 
conditions. A different method was used to intentionally roughen the surface [6] by 
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varying the final pressure during cleaning from 4xl0~® Torr up to 5xl0~® Torr to test 
the effects of substrate roughness on conduction. 
A Knudsen type cell Wcis used to deposit silver, constructed in house and cal­
ibrated with a quartz crystal monitor. The flux calibration curve shows the expo­
nential behavior with temperature as expected for effusion cells when equilibrium 
conditions between vapor and liquid exist in the cell. Reliable flux variability is par­
ticularly important in this experiment and two orders of magnitude range is easily 
achievable in a reproducible manner. 
Results 
Despite the mechanical contact and the low amount of Ag deposited (less than 
a few monolayers) there is a reproducible signal indicating the onset of conduction 
in the system as in [3]. In fig. 1.1 we are plotting the normalized ratio V(t)/Vo vs. 
depositon time t, with Vo, the initial value of the voltage for this sample ranging 75-
90mV. After an initial plateau, where for a period of time the voltage does not change, 
the voltage monotonically drops eventually to 5% of its original value, indicating 
substantial conduction. As the shutter is opened, no increase in voltage (in > 95% 
of the runs), hence resistance, is observed, as reported elsewhere [3,5]. Radiation 
effects are highly unlikely since the initial voltage plateau is not consistent with 
the sudden increase in V/Vo expected if substrate heating occurs [3,5]. Preliminary 
experiments by deposition of Sn with the same cell show different voltage vs. time 
traces, which also rule out heating effects. At low coverages (V/Vo > .6) the voltage 
recovers significantly when the shutter is closed as observed before, possibly because 
of migration of Ag [3]. For higher Ag amounts (V/Vo < -6), there is no recovery in 
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the voltage trace. 
One can see from fig. 1.1 there is a significant increase in the length of the 
time at lower flux rates to obtain a given voltage drop. We can identify further 
the conduction mechanism if we compare the functional form of V(F,t) at different 
flux rates. As explained in the introduction, if conduction is through the film, a 
steeper drop should be expected at lower flux rates. A characteristic time TO(F) is 
defined as the coverage needed to reach 60% of the initial voltage. By normalizing 
the deposition time t/To(F), the data collapse into a universal curve in the early 
stages of growth, showing that the function V(F,t) depends only on the flux rate 
and therefore V(t/To)=V(F,t), independent of the morphology of the growing film. 
Depositions were performed on the substrates roughened by the alternate cleaning 
procedures mentioned earlier to additionally test if the film morphology is relevant. 
The characteristic times ro(F) for the voltage to drop to 60% for different initial 
roughness conditions are shown in table 1.1 for a given flux rate of 1/50 ML/sec. 
Similar results were obtained at other flux rates. These characteristic times are within 
Table 1.1: Table listing the characteristic times TO(F) for different substrate con­
ditions and fixed flux rate, F=l/50 ML/sec, indicating that ro(F) is 
insensitive to substrate roughness. 
Cleaning Pressure Roughness TQ, min 
lxl0~® Torr smooth 3.4 
4a:10~® Torr roughened 7.7 
1x10"^ Torr terraces 2.5 
5x10"® Torr etched 4.5 
a factor of two with no correlation to the roughness of the substrate. The degree of 
roughness was characterized ex-situ with SEM before and after sputtering the film. 
Flat Ag islands were observed at the lowest pressure cleaning, while cleaning at the 
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Figure 1.1: Normalized voltage drop during room temperature deposition of Ag 
onto Si(lll)-7x7 surface. Characteristic times 7o(F) are defined as time 
for normalized voltage to reach 60% of original value. Longer times 
correspond to slower flux rates and the listed values of the flux rates are 
only nominal. 
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highest pressure has produced severe substrate etching. The probe contact area was 
also examined to evaluate the integrity of the contact. No shadowing effect is seen at 
the point of contact as the same amount of Ag was found with Auger analysis, but 
shadowing of the tungsten probes was clearly visible towards the edge of the substrate 
with a reduced amount of Ag. Impurities (C,0,N) were found on the surface of the 
film, as would be expected when exposed to the atmosphere, but the substrate/film 
interface was cleaner. 
Discussion 
The identification of electrical transport through an ultrathin film is still an 
open question. Conduction through the film and critical coverage corresponding 
to the formation of an infinite percolating cluster, is one possibility. The value of 
Oc — 0.9 ML observed in [1] can be accounted for by the formation of 3-D clusters with 
the additonal coverage (more than the percolation threshold 9c = 0.5 ML) necessary 
to complete the infinite cluster. 
A different scenario involves the electronic structure of the substrate. Surface 
states exist on the Si(lll)-7x7 within the gap and are known to be metallic from 
photoemission [9] and STM spectroscopy experiments [10]. The plateau in the voltage 
traces can be related to the pinning of the Fermi level up to the critical coverage 
= 2 — 3 ML [3] because of the high density of surface states present. For other 
initial configurations such as in Ag/-y3x>/3-Ag/Si(lll) [3], where surface states are 
not metallic, the Fermi level is not pinned. The number of carriers to the substrate 
increases instantly with a corresponding abrupt decrease in the voltage without the 
presence of the voltage plateau of films grown on the Si(lll)-7x7. Since the drop in 
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voltage is too abrupt, the functional form of V(F,t) would not be sensitive enough 
to distinguish between the operating mechanism and no attempts to test the flux 
dependence are made in this case. Conduction controlled by substrate surface states 
is supported by observations [10] of the I-V characteristics measured with the STM 
of the initial condensation of Ag on the Si(lll)-7x7 surface at low coverage. When 
tunneling into unoccupied states of the sample (corresponding to a bias voltage of 
0.5V), the Ag islands appear as dark axeas in the current image which supports 
low electron density in the islands, indicating the insulating character of the film. 
Photoemission peaks representing the high density of surface states on the Si(lll)-
7x7 surface which lead to its metallic character disappear upon the adsorption of Ag 
islands (measurements taken at .33 ML) [10]. The electronic structure of the Ag is 
insulating, indicating strong interaction with the substrate. It is not clear, however, 
what determines the length of the initial plateau over which the Fermi level is pinned 
and why this initial plateau does not depend on the substrate morphology. More 
elaborate experiments are needed to identify the details of the electronic transfer to 
the substrate during early growth up to 6c. 
The result of the flux independence in the current experiment can be used to 
support conduction through the substrate. The voltage function V(F,t) remains 
unchanged (fig. 1.2) early in the growth for the range of flux rates used. This strongly 
suggests conduction is not through the film since smoother films at low fluxes would 
produce a steeper drop in the voltage trace. Beyond 9c when the voltage drops, there 
is still no flux dependence, indicating the increase in conduction is still not related to 
the film and is likely a result of band bending due to charge transfer to the substrate. 
The data deviate from the universal curve for t/xo > 1.1 (i.e. a voltage drop greater 
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than 60%) by a few per cent indicating that conduction through the film is becoming 
more important. The deviation is in agreement with the expectation of nucleation 
theory as can be seen from the figure, since deposition at higher flux correspond to 
higher voltage, therefore higher resistance. 
Additional partial evidence supporting conduction controlled by the substrate 
can be seen from deposition on the roughened substrates. The characteristic time 
ro(F) can be seen from table 1.1 to be similar to within a factor of two and no clear 
correlation can be made between these variations and the roughness of the substrate 
as determined by SEM photographs. However, when the data are plotted in the 
scaling form, (i.e. as a function of t/xo to test if they collapse into a universal curve) 
there are deviations with longer plateaus for rougher substrates. It is unclear what 
the source of this variation is, and can be a combined effect of changes in electronic 
structure of the substrate as the surface roughens and morphological changes in the 
film. However, if a percolation cluster was needed to initiate conduction, a much 
larger variation in TO(F) should be expected. 
The conclusions drawn so far are not based on the absolute flux calibration. 
We have used a quartz crystal monitor to determine the flux rate used within the 
accuracy of the monitor. It is known that unless a reliable, independent standard is 
used, an absolute flux rate value has large uncertainty. With this caveat in mind, 
and using the relation = &Az/, (i.e. the deposited mass is proportional to the 
change in frequency of the oscillator crystal) we obtain critical coverages for the 
plateau of 3-6 ML depending on the flux rate, consistent with [3]. For the constant 
of proportionality, we have calculated k=-0.09 ML/Hz, under the assumption that 1 
ML = 7.8x10^^ atoms. However, within this absolute rate calibration, if the coverage 
20 
1.2 
0.8 
o 
> 0.6 
> 
0.4 
0.2 
0 
» 1/SOO ML/sec 
« 1/330 ML/sec 
• 1/170 ML/sec 
o 1/100 ML/sec 
« 1/50 ML/sec 
\ ' 1/20 ML/sec 
: \ • 1/10 ML/sec 
V 
% 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 
a 
^ a 
^ X A „ 
• ^ X ® 
X X 
1 1 1 1 t 1 1 I I I 1 1 1 < i 
0 0.5 1.5 2.5 
t/T, o 
Figure 1.2: Normalized voltage vs. normalized deposition time for room tempera­
ture depositions from fig. 1.1 showing that the same function describes 
the voltage drop, independent of the flux rate. Deviations are seen at 
t/To(F) > 1. 
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required for a fixed fractional drop in voltage is plotted at different flux rates, we 
obtain 9 <x i.e., at higher flux rates a smaller amount of Ag is needed for 
a given voltage drop, which is very surprising; nucleation theory would predict a 
positive exponent in the relation since better films are grown at low flux rates. This 
unexpected result is in partial agreement with a recent in-situ resistance measurement 
of Pb on Si(lll)-7x7 [5] at room temperature. In this study, in the early stages of film 
growth {9 < 0.7ML) higher conductance is observed at lower flux rates consistent with 
nucleation theory but at higher coverage {9 > 0.7ML) the opposite trend is observed 
as in our study. 
It is clear that the study of the electrical transport in ultrathin films still contains 
many puzzles. We have already discussed the possibility of two entirely different 
interpretations. Part of the difficulty is the number of studies performed so far is 
rather limited and hopefully new experimental work will be performed on different 
systems to shed further light on these questions. In closing we will compare several 
other obsvervations to test reproducibility in different experiments. Transient effects 
of the four probe voltage after the shutter is closed are examined for comparison. 
Fig. 1.3 presents our results which are in good agreement with [3]. The increase of 
the voltage after the shutter is closed has been attributed to large diffusion towards 
the formation of 3-D crystallites that decrease the film conductivity. In [5], closing 
the shutter produces a drop of the voltage attributed to continued diffusion which 
enhances the formation of 2-D crystallites and therefore increases the conductivity. 
These conclusions, of course, are based on the absolute coverage calibration, which 
as was suggested previously is uncertain and should be accepted with skepticism (the 
anomalous flux dependence in our experiment, 6c oc is actually consistent with 
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Figure 1.3: Normalized voltage vs. deposition time for F=1/60 ML/sec. Increase in 
voltage after shutter is closed indicates transient effects possibly arising 
from adatom migration. 
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iments ref. [1,3,5]. Good agreement is seen between ours and [3], while 
ref. [1] and [5] are different but show good agreement with each other. 
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the transient effect and the possibility of 3-D nucleation). 
Fig. 1.4 compares the scaling form of the V vs. t trace observed in the four in-situ 
conductivity studies performed so far, although a different metal, Pb, was used in [5]. 
It is clear that the shape of the trace observed in our work is in good agreement with 
[3] while [1] and [5] are in agreement, if one ignores the initial increase in voltage 
observed in [5] (i.e., decrease in conductivity with deposition). We want again to 
emphasize that this comparison is insensitive ot the absolute calibration uncertainty 
so it should be more illuminative. One can distinguish two traces, the one in [1] and 
[5] falling much faster than the one in our work and [3]. This is intriguing because it 
clearly shows that a better film is grown as more amount is deposited in the former 
than in the latter experiments. We do not understand this difference. 
If we consider an experimental difference in the way contact is made to the film 
(i.e., film contact to already deposited pads in [1] and [5] vs. mechanical contact 
in [3] and ours), generally lower threshold coverages are observed with pad contact, 
for the deposited pad approach [1,2,5], the film is deposited with better contact to 
the substrate. However, we have shown minimal shadowing effects are present for 
pressed probes, and one expects small resistance to the probe wire. In any case, this 
points out that for some still unclear mechanism the contact method is important 
and needs to be better understood before agreement between different experiments 
is expected. 
Conclusion 
We have presented in-situ transport measurement on ultrathin films of Ag/Si-
(111) as a function of flux to address the question of whether conduction is through 
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the percolating Ag film or through substrate surface states. The observed conduc­
tivity mecisured by the four probe voltage is independent of flux rate F when plotted 
vs. t/ro(F). This is consistent with transport controlled by the substrate electronic 
states. Additional support to this mechanism is given by experiments performed 
with the substrate at different roughness conditions which result in similar charac­
teristic times. If an absolute flux rate is used, then anomalous dependence on flux 
rate is observed (i.e., better films at higher flux rate which is consistent with the 
presence of 3-D crystallites). Although in these experiments the absolute value of 
the conductivity is not extracted, qualitative arguments have been used, based on 
the shape of the observed voltage traces and independent of any assumptions on how 
the substrate and film resistance are combined to conclude that the conductivity is 
controlled by electronic states in the substrate. These experiments demonstrate that 
useful information about the conduction mechanism in a film can be obtained by 
varying the flux rate. Remaining questions to be addressed experimentally are the 
transient change of voltage after the shutter is closed, the difference in the vvoltage 
vs. t/ro(F) traces in different experiments [1,3,5] and the importance of the method 
of contact to the growing film. Theoretically one needs to better understand what 
determines the plateau in the trace if the surface states control the conduction, the 
overlayer ajcnount needed to "unpin" and shift the Fermi level, and how the tranfer 
of carriers to the substrate might depend on the morphology. If the conduction is 
through a percolating cluster, then it is important to understand whether and how 
changes due to quantum mechanical effects in the electronic wavefunction extending 
across the cluster alter the percolating transition. 
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Abstract 
The emission from a single, lateral micromachined W protrusion on a silica 
substrate is examined to identify important factors controlling the emission of com­
mercially interesting field emission arrays (FEAs). From the emission pattern of the 
single tip obtained on a phosphor screen and the I-V characteristics it was concluded 
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that mini protrusions of a few hundred angstroms are responsible for the emission. 
Large fluctuations in the emission current are caused by absorption-desorption events 
from the background gas. Comparison of the I-V characteristics and the fluctuations 
of the single tip to gated FEAs (under the assumption that similar miniprotrusions 
are responsible for the emission in other geometries) suggests that only a fraction of 
the tips is emitting. 
Introduction 
The development [1] of micromachined field emitter arrays, as low extraction 
voltage electron sources, has been met with mixed success. Possible mature devices 
have been reported [2] in the literature with the threshold voltages as low as 25V and 
trajisconductance/capacitance ratios close to workable values for microwave appli­
cations. Spindt-type geometries have been used mainly, although other imaginative 
emission structures have been recently proposed [3] that potentially can have im­
proved characteristics. In all the emitting structures, several other issues should be 
addressed for reliable device performance; reducing the current noise, identification 
of the emitting sites that can lead to better reproducibility, and the scaling of emis­
sion propfortionally to the number of tips in the array. These questions have not 
been adequately addressed in the literature, especially since the need for a practical, 
working device overwhelms detailed examination of the physics controlling the emis­
sion. It is important to search for fundamental characteristics in the emission process 
which can be applied generally to any micromachined device, despite the differences 
in the emitting surface condition and the locally nonultraJiigh vacuum background 
environment. 
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Experimental 
We initiated studies on a single field emitter, a lateral triangular protrusion of 19 
fim in height and 15° opening. The protrusion is formed [4] by evaporating 200A W 
on 1/zm SiOa insulating layer that is supported on a Si(lOG) substrate. Figure 2.1(a) 
shows the top view and cross section of the emitter. By focusing on the emission of 
a single emitter we can identify the control parameters that determine it. 
The experimental arrangement is shown schematically in Fig. 2.1(b), with a 
phosphor screen used as a collector 1/4 in. away from the tip. The pressure 
is in the 5 — 10X10"® Torr range. A direct image of the single emitter is shown 
in Fig. 2.2. The extraction voltage is only = 1800V and the total current is 
several microamperes, suggesting that a submicron-size tip of the protruding edge 
is responsible for the emission. Two spots are clearly visible, and their radii can be 
deduced from I-V measurements to be described shortly. We can isolate each spot 
on the screen by magnetically deflecting the beam, so the current corresponding to 
each spot can be measured separately. Figure 2.3 shows the currents obtained from 
each spot plotted against each other. They follow a straight line with a slope equal 
to 4 which implies that the local curvature of the two sites is the same, although 
the emitting areas of one of the spots is four times larger the emitting area of the 
other. It is possible that the sites are the top and bottom corners of the triangular 
edge, where the local field is higher. The possibility that the two spots correspond 
to well-defined crystallographic directions, normal to the two sides of the triangular 
edge, is less likely because the emitting areas in this case should be identical. In 
either case, however, the alignment of the spots with respect to the axis of the edge, 
needs clarification. 
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Figure 2.1: (a) Cross section and top view of the micromachined emitter showing 
the evaporated W, the intermediate SiOj layer, and the Si substrate, (b) 
Schematic drawing of the system used to compare the emission charac­
teristics of a standard to a micromachined emitter. 
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Figure 2.2: Image of the micromachined lateral emitter obtained on a phosphor 
screen showing two bright emitting sites of 370A radius much smaller 
than the micron size curvature of the protruding edge. 
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Figure 2.3: The emission current from each individual spot shown in Fig. 2.1, plot­
ted against each other obeys a linear relation with a slope of 4. 
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For further determination of the dimension of the emitting sites, we have used 
a standard field emitter positioned with the same tip-collector geometry. The sur­
rounding chamber walls provide the same equipotential envelope. The difference in 
the emission by the two tips can be related only to the difference in their local radii. 
Fowler-Nordheim (FN) plots of the two tips are shown in Fig. 2.4 obtained with 
both emitters fully contaminated. It is difficult to compare them clean, because it 
is not easy to clean the micromachined emitter. The cleaning is done with electron 
bombardment for the micromachined emitter and with direct heating for the stan­
dard tip. The use of Si as a substrate in the former limits the cleaning to moderate 
heating power of a few watts. From the ratio of the slopes of the FN plots, which is 
only Smi/Sst = 1.6 and under the assumption that a fully contaminated tip has work 
function 5.8 eV, we can determine [5] the radius of the standard tip r^t = 230 ± 30A 
(with the usual field compression factor k=5) and then use 
r • — . S,t 
to find Tmi = 370±50A. Smii are the slope and radius for the micromachined 
emitter and Sat, rat the corresponding parameters for the standard tip. In the above 
analysis, we have ignored the overall 2D geometry of the micromachined tip and how 
it might differ from the 3D geometry of the standard tip. This most likely leads 
to our overestimation of rmi that strengthens even further the conclusion: despite 
the micron size of the protruding edge, submicron size protrusions of a few hundred 
angstroms are actually the emitting sites. This is analogous to the minitip at the end 
of the scanning tunneling microscope (STM) emitter responsible for the spectacular 
performance of the STM. 
It is not clear what the orientation of the minitip is relative to the micromachined 
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Figure 2.4: FN plots for the micromachined and a standard field emission tip, ob­
tained with the same tip-collector geometry. From the ratio of the slopes 
and the extracted radius of the standard tip, we obtain the radius of 
the emitting site on the micromachined tip r^i = 370A ± 50A. 
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triangle edge axis. When no magnetic field is applied only one of the spots is visible 
which implies that the mini protrusions are off-axis at the sides of the protrusion. 
The other spot is only visible after a magnetic field is applied. After the scanning 
electron microscope (SEM) imaging, although the emission was reduced for unknown 
reasons, from careful measurements of the misalignment by rotating the plane of the 
edge, we estimate the emitting direction of the deflected spot, to be more than 25° 
off the triangle axis, pointing sideways. It is possible that during the SEM imaging 
the emitting site was affected. 
Results 
We have only imaged a single lateral emitter of a well-defined geometry but 
some of the conclusions we reached are reasonable enough to hold for other emitting 
geometries. Minitips around the micromachined structures are most likely to occur 
with any fabrication processes. The high sensitivity of field emission on the local 
electric field can very efficiently select the right miniprotrusion. If such sites are 
common in all emission geometries, then there are serious implications about the 
scaling of the current expected in an array, as the number of tips increases. Since it 
is highly improbable that all the tips are positioned at the same location and with 
the same orientation with respect to the protrusion axis, not all tips are expected to 
have the same emission, so the emitted current in the array should not scale with 
the number of tips present. Only one recent report [6] on arrays of 6400 tips has 
shown that the array current increases proportionally to the number of tips present. 
This study, however, was performed under ultrahigh vacuumn (UHV) conditions on 
specially conditioned tips. 
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Figure 2.5 shows the emitted current versus time at room temperature, collected 
with a strip recorder. Both the micromachined and standard field emitters show fluc­
tuations at a level higher than 50% . A dramatic reduction in the fluctuations (by 
more than a factor of 10 for the micromachined emitter) is obtained if both emitters 
are cooled to LN2 temperature. It is not clear if the reduction in the fluctuations is 
caused by the lower emitter temperature of the reduced background pressure because 
of the cryogenic pumping. By reconfiguring the position of the turbopump we reduce 
the pressure to half, while the temperature was kept constant. The fluctuations are 
reduced approximately by half so it is quite unlikely that the dramatic decrease with 
LN2 cooling is solely due to the pressure reduction because no dramatic reduction 
in pressure is expected with cooling. We conclude, then, that the origin of the fluc­
tuations axe absorption-desorption events from the background gas, with absorbed 
atoms desorbing back to the 3D gas after a finite lifetime on the tip. The changing 
work function is causing the fluctuations. It follows, then, that lowering the sticking 
coeflBcient by preabsorbing well-ordered overlayers or backfilling the vacuum system 
with chemically inert gases can reduce the fluctuations. What is puzzling is the ob­
servation, that when the ratio of peak-to-peak current excursions At to the average 
current i, ^  is used as a quantitative measure of the fluctuations, the ratio increases 
as the emitted current increases. It is not clear, if this is related to local heating as 
more current is drawn (and therefore, higher local temperature) or increase in the 
adsorption rate because of higher ionization probability around the tip. 
Such fluctuations have been routinely observed in other emitting geometries. 
By using emission arrays the fluctuations are reduced, however, they do not reach a 
level consistent with the expected statistical averaging. This supports the previous 
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Figure 2,5: Fluctuations in the current of the micromachined and field emission tips. 
The current scale denoted to the right 600-1000 is in nA. They are re­
duced dramatically by lowering the temperature or background pressure 
suggesting that they are caused by absorption-desorption events. 
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conclusion that not all the tips in the array axe emitting, lowering the noise by l/\/jV, 
where N is the number of the tips present. Emission with vertical emission arrays 
in a diode and gated triode configuration with a few thousand tips produce current 
fluctuations ranging from 100% to 10%, decreasing as ^ oc N~^, with w between 
1/2 to 1/3. 
We can extend the comparison between single tips and tip arrays by relating 
the I-V characteristics. Typical ratios of the FN slopes of Spindt-type gated arrays 
to the single tip slope are 30. the corresponding ratio of the prefactors is 250. 
the comparison is meaningful, despite the different emitting geometries in the two 
structures, because under the assumption that a minitip is present in both geometries, 
the slope of the FN plot for the gated structure includes only the field enhancement 
factor. The gate proximity and the presence of the minitip ensures the same FN 
slope, so the prefactor is simply proportional to the number of active tips (since the 
individual emitting area is approximately the same). By comparing the prefactors 
we conclude that only 256 out of the 4000 tips are emitting, while the ratio of the 
slopes suggests that the field is enhanced by a factor of 30 when the gate is brought 
from infinity to a few microns from the tip. 
Conclusion 
In summary, we try to identify important factors that affect the emission charac­
teristics of micromachined arrays, by examining a single tip in isolation. Although 
a specific, lateral geometry was tested, the conclusions reached are general enough 
to suggest testing them on arrays of different type geometry, (i) The emission site 
is most likely of submicron size of a few hundred Angstroms, much smaller than 
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the overall size of the micromachined structure; (ii) the orientation of these minitip 
sites can be off-axis; (iii) fluctuations in the emission current are present because 
of adsorption-desorption events from the background gas that can be suppressed at 
lower pressures and temperatures; and (iv) the averaging effect of tip arrays might be 
lower than expected, as deduced from the comparison of their fluctuations and their 
I-V characteristics to single tip emission. It implies only a small fraction (few percent) 
of the tips are responsible for the emission. These studies can illuminate the emission 
processes in micromachined devices for better control of their characteristics. 
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GENERAL SUMMARY 
In this dissertation, two methods of conductance were used to gain information 
about properties and structure of two dimensional and three dimensional surfaces. In 
the two dimensional case, information was gained about fundamental electrical prop­
erties of ultrathin metallic films on semiconductor surfaces. For the three dimensional 
case, structural information of a novel lateral field emission tip was obtained through 
standard field emission techniques. 
In the two dimensional case, we have used a novel four probe resistance measure­
ment technique combined with varying the incident flux rate of adatoms to change 
the morphology of the films (a new idea in the field) in order to probe the electrical 
transport mechanism in the Ag/Si(lll) system. The main result of this work is the 
scaling of the voltage function V(i^, i/r), indicating no change in the conductance 
properties of the film when changes in morphology occur, and thus concluding that 
conduction is dominated by the metallic surface states on the Si(lll)-7x7 surface 
[10], opposed to the mechanism of transport through the film itself [4]. There is sup­
porting evidence for this mechanism, as deposition onto roughened substrates does 
not change significantly the characteristic time, r, from smooth substrate deposi­
tions. STM spectroscopy measurements indicate a low density of electrons in Ag 
islands growing on the silicon substrate [15], indicating insulating character of the 
43 
Ag islands. There are also other systems such as Ag/>/3x>/3-Ag/Si(lll) and various 
Au/Si(lll) systems, where substrate interactions are believed to be involved but have 
no surface states which pin the Fermi level of the film, resulting in shorter critical 
coverages thein the Ag/Si(lll)-7x7 case. The case of the Ag/Si(lll)-7x7 surface in 
which the Fermi level is pinned early in the deposition is still not well understood. 
If conduction electrons in the film are absorbed by the substrate, the conductivity 
of the substrate should decrease as the carrier density increases. This isn't the case, 
however, as no change is noted in the conductivity of either the substrate or the film 
in this region. 
There is a factor which might result in the discrepancy observed between the 
experiments supporting each mechanism. The results appear to correlate with the 
method of contact, as the experiments using the deposited pad contact in their four 
probe measurement have shorter critical coverages than those which use the pressed 
probe contact. The deposited pad approach experiments also fall much faster in the 
V vs. t/r graphs than the pressed probe approach, suggesting type of contact may 
indeed be much more important than previously thought. 
The variation in absolute coverage observed and supported by the Pb/Si(lll) 
study [7] is a very surprising and puzzling result, which is not understood and appears 
to contradict nucleation theory. The increase in the voltage after stopping deposition 
is also surprising, and, while supported by [10], is not well understood. 
In the case of three dimensional study of conduction via field emission, the results 
are fairly well understood from the sizable amount of work done in the area of field 
emission in the past. A main result from these experiments is that the emission site 
is likely of a few hundred angstroms in size, comparable in size to standard field 
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emitting tips and much smaller than expected from the geometry of the Spindt type 
emitter. From the temperature dependence of the current fluctuations, the origin 
of the fluctuations were found to result from adsorption-desorption events from the 
background gas in the high vacuum environment, which can be also be suppressed 
by lowering the ambient pressure of the vacuum system. 
From these experiments, we can conclude in general that conductance mea­
surements carried out on clean surfaces can lead to advancement in knowledge of 
fundamental processes occuring on those surfaces, as in the case of two dimensional 
transport, and eventually lead to devices (as in the three dimensional ca^e) which 
have beneficial applications to our everyday lives. 
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